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SUMMARY KEYWORDS
Benzodiazepines are well established as
inhibitory modulators of memory processing.
This effect is especially prominent when applied
before the acquisition phase of a memory task.
This minireview concentrates on the putative
subtype selectivity of the acquisition-impairing
action of benzodiazepines. Namely, recent
genetic studies and standard behavioral tests
employing subtype-selective ligands pointed to
the predominant involvement oftwo subtypes of
benzodiazepine binding sites in memory modu-
lation. Explicit memory learning seems to be
affected through the GABAA receptors
containing the Xl and as subunits, whereas the
effects on procedural memory can be mainly
mediated by the al subunit. The pervading
involvement of the al subunit in memory
modulation is not at all unexpected because this
subunit is the major subtype, present in 60% of
all GABAA receptors. On the other hand, the
role of as subunits, mainly expressed in the
hippocampus, in modulating distinct forms of
memory gives promise of selective pharmaco-
logical coping with certain memory deficit states.
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INTRODUCTION
A few amino acids exist in high concentrations
in the central nervous system (CNS), playing a
neurotransmitter role. Among them is t-amino
butyric acid (GABA), which acts through two
types of receptors. GABAA receptors mediate the
most of fast inhibitory neurotransmission in the
mammalian brain and are involved in the
regulation of vigilance, anxiety, muscle tension,
epileptogenic activity, and memory functions
(Korpi et al., 2002; Rudolph & M6hler, 2004). In
addition to the site of action ofGABA itself, there
are several modulatory sites at GABAA receptors.
These sites mediate the actions of many
substances, notably benzodiazepine drugs (Chebib
& Johnston, 2000; Korpi et al., 2002).
The characterization of the diverse pharmaco-
logical effects of the benzodiazepines (sedative,
hypnotic, anxiolytic, muscle relaxant, anticonvul-
sive, and amnesic actions) can be considered a
major success of behavioral pharmacology (Sanger
et al., 2003). Since the introduction of chlordiaz-
epoxide in 1960, benzodiazepines have been
extensively prescribed to cope with anxiety,
insomnia, muscle spasm, and epilepsy. These drugs
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are still thought of as a pharmacological gold
standard for treating anxiety disorders (Sramek et
al., 2002). Nevertheless, the unwanted effects of
the benzodiazepines have become obvious over the
years. Psychomotor and cognitive impairment is
common, and such more serious neuropsychiatric
reactions as amnesic and aggressive episodes, can
occur (Lader, 1999). Drug-induced impairment of
mnesic function could be desirable in certain
situations (perioperative surgical periods, proce-
dures like endoscopies) (Buffett-Jerrott & Stewart,
2002). On the other hand, most patients taking
benzodiazepines do not complain of memory
problems (Barbee, 1993). Nevertheless, the amnesic
action, most commonly thought of as an unwanted
effect, will be treated in such a way in this paper.
Three kinds of allosteric modulators act through
the benzodiazepine binding site: positive (agonist),
neutral (antagonist), and negative (inverse agonist)
modulators (Chebib & Johnston, 2000). It is well
established that agonists at the benzodiazepine site
present anxiolytic and amnesic properties, whereas
inverse agonists, such as 13-carbolines, exert anxio-
genic and learning-enhancing actions (Venault et
al., 1986, 1987; Jensen et al., 1987; Krazem et al.,
2001). The bidirectional influences of GABAA
receptor modulation on memory processing have
been thoroughly reviewed (Chapouthier & Venault,
2002). In the present minireview, we concentrate
on the amnesic effects of the benzodiazepines and
particularly on the results of contemporary investi-
gations into the GABAA receptor subtypes that
contribute to this action. These findings stem from
both genetic studies and standard behavioral para-
digms employing subtype-selective ligands.
MEMORY STAGES AND BENZODIAZEPINES
Memory is composed of three stages" acqui-
sition, consolidation, and retrieval (Abel & Lattal,
2001). Yet, no one has ever measured learning or
memory: these processes can be inferred only from
behavior (Cahill et al., 2001). A memory task
represents a behavioral procedure to which an
animal is repeatedly (usually twice) exposed. The
first exposure is the learning or acquisition session,
whereas the effects of training are assessed, after
an appropriate delay, in retention session(s).
Experimental treatments can be applied (a) shortly
before the learning session, (b) just after the
learning session, or (c) before the retention session.
Such interventions are intended to affect the
acquisition, consolidation, and retrieval stages of
memory, respectively. Experimentally isolating the
different stages of memory can be quite difficult,
however, because experimental techniques can
affect two or more stages, depending on the time
course of the manipulations (Abel & Lattal, 2001).
Additionally, behavior is affected by processes
other than learning and memory. Notably, pre-
session treatment can indirectly affect acquisition
or retention performance through influences on
such factors as motor function, attention, sensory
receptor sensitivity, motivation, and general arousal
level (Cahill & McGaugh 1998; McGaugh &
Izquierdo, 2000).
Benzodiazepines have been repeatedly found
to impair memory acquisition (in clinical termin-
ology, they cause anterograde amnesia). In other
words, the compounds affect the type of learning
that depends on building novel associations in
memory; this effect will be discussed later.
Exceptionally rarely, benzodiazepines administered
just after the acquisition session can impair
retention performance in a memory task like
passive avoidance (Jensen et al., 1979). With
regard to the retrograde memory effects, despite
the reservations of one author (Cole, 1986), the
results of most animal studies rule out an action of
benzodiazepines on retrieval in different memory
tasks (Venault et al., 1986; McNamara & Skelton,
1991). In tests that included a significant emotional
component, however, several results pointed to the
inhibitory (Cole and Michaleski, 1984; Cole, 1986)
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Obradovic et al., 2004) influences of the benzo-
diazepines on memory retrieval. In fact, as
suggested by the Yerkes-Dodson hypothesis (1908),
one can expect a curvilinear relation between
arousal and/or anxiety and performance, such that
a moderate level of anxiety can benefit cognitive
performance, depending on task difficulty (Eysenck,
1985).
Similar to reports of animal studies, the frequent
conclusion from human studies is that benzo-
diazepines do not significantly influence memory
retrieval (Ghoneim & Mewaldt, 1975; Lister,
1985). Nevertheless, retrieval impairment in young
adult males has been reported (Block & Berchou,
1984), and memory facilitation in humans is some-
times seen as well (Hinrichs et al., 1984; File et al.,
1999; Fillmore et al., 2001). Hinrichs & coworkers
hypothesized that this phenomenon is not a true
facilitation of retrieval processes but rather could
be the result of reduced interference from items
presented after drug administration as a paradoxical
consequence of drug-induced anterograde amnesia.
Nevertheless, facilitating effects on retrieval pro-
cesses that are more specific have also been
proposed (File et al., 1999).
AMNESIA INDUCED BY BENZODIAZEPINES:
FINDINGS OF STUDIES ON HUMANS
Amnesic effects in humans were first
recognized by anesthesiologists using benzodiaz-
epines as pre-medication (Brandt & Oakes, 1965;
Haslett & Dundee, 1968). Such effects have been
repeatedly confirmed (for example Rodrigo &
Lusiardo, 1988; Kain et al., 2000), and thoroughly
reviewed (Lister, 1985; Curran, 1991; Buffett-
Jerrott & Stewart, 2002). We should note that most
of these studies investigated the effects of acute
doses of benzodiazepines in healthy volunteers
having no history of benzodiazepine or other
psychotropic medication use. Unfortunately, the
amnesic effects of benzodiazepine-like drugs have
been increasingly misused to facilitate crimes like
sexual assault and robbery (Goulle & Anger, 2004).
Benzodiazepine-induced amnesia resembles
certain forms of organic amnesia, and many efforts
to model organic amnesia pharmacologically have
been employed (Brown et al., 1982; Weingartner,
1985). Hence, such drugs can be useful tools for
studying normal and abnormal memory mechanisms
(Duka et al., 1996). Moreover, Danek et al. (2002)
related the transient global amnesia in a previously
healthy woman to the putative endogenous benzo-
diazepines. Namely, the resolution of an unex-
plained amnesic episode coincided with the test
administration of 0.5 mg fiumazenil" the patient’s
first memories corresponded to the short period
after the injection ofbenzodiazepine antagonist.
AMNESIA INDUCED BY BENZODIAZEPINES:
FINDINGS OF STUDIES ON ANIMALS
The number of experiments involving the
testing of cognitive functions has increased
remarkably (Sarter, 2004). However, in addition to
limitations regarding differentiation of memory
stages/distinct actions of treatment (given above),
we should mention that to distinguish between the
changes in behavior that occur because an animal
remembers prior events and changes in behavior
that occur merely because these prior events have
happened is difficult (Morris, 2001). Hence, the
results obtained in animal studies of memory
should be interpreted cautiously.
According to a recent survey (Myhrer, 2003),
the tests most widely used to assess learning and
memory in laboratory rodents encompass the Morris
water maze, the radial maze, passive avoidance, and
spontaneous alternation. In these paradigms, benzo-
diazepines were repeatedly shown as acquisition-
impairing agents; a review of findings was given in
Myhrer (2003).292 M.M. SAVIC ET AL.
TABLE 1
GABAA receptor benzodiazepine binding site subtypes mediating distinct pharmacological
effects ofdiazepam in knock-in mice.
Receptor subtype
Effect (1 2 03 5
Sedation +(1) .(2) .(2) .(3)
Anxiolysis .(1) +(2) .(2) .(3)
Anterograde amnesia +(1) n.d. n.d. n.d.#
Miorelaxation .(1) +(4) +(4) +(3)
Anticonvulsant activity +(1) .(2) .(2) .(3)-
Hypnosis (EEG changes) .(5) +(6) .(7) n.d.
Tolerance (to sedation) .(8) .(8) .(8) +(8)
+, behavioral effect ofdiazepam was absent in mice with point mutation in the designated subunit.
+, behavioral effect of diazepam was diminished in mice with point mutation in the designated subunit, when drug was administered
at very high dose (30 mg/kg).
-, point mutation did not change the effect ofdiazepam, in comparison with wild-type mice.
n.d. not determined.
Studies with pharmacologically untreated as-knock-in (Crestani et al., 2002) and as-knock-out (Collinson et al., 2002) mice pointed
to the role of the c5-subunit in modulation of cognitive processes.
Cited from: (1) Rudolph et al. (1999); (2) LOw et al. (2000); (3) Crestani et al. (2002); (4) Crestani et al. (2001); (5) Tobler et al.
(2001); (6) Kopp et al. (2004); (7) Kopp et al. (2003); (8) van Rijnsoever et al. (2004)
BENZODIAZEPINE SITE(S) OF ACTION AND
GABAA SUBTYPES INVOLVED IN LEARNING
AND MEMORY PROCESSING
The huge diversity ofGABAA receptor subtypes
has become clear in recent years (Bamard et al.,
1998). GABAA receptors are pentameric membrane
proteins that operate as GABA-gated chloride"
channels. The receptors are assembled from several
families of subunits, of which at least 19 subunits
occur in the CNS. Nevertheless, the vast majority of
receptors appear to be an association of two
subunits, two B-subunits, and a single 7-subunit,
which make up a central ion channel. The majority
contain a benzodiazepine binding site located at the
interface of the 72-subunit and the respective
subunit (zl, cz2, x3 or ors) (Korpi et al., 2002).
Recent research using genetically modified
mice has pointed to the specific contribution of
individual receptor subtypes to the pharmacologic
spectrum ofbenzodiazepines (Table 1). Specifically,
the sedative and anterograde amnesic effects ofMEMORY EFFECTS OF BENZODIAZEPINES 293
TABLE 2
Involvement of different GABAA subunits in memory effects of benzodiazepines: findings from
studies with subtype selective ligands vs. knock-in mice vs. knock-out mice. Only behavioral tests



















to place version of the
Morris water maze test
studies with knock- (11 n.d. n.d.
in mice (15 n.d. n.d. n.d.
studies with knock- (11 n.d n.d n.d
out mice (15 n.d. .(6) -i-(6)
+, the given subunit involved in modulation ofmemory type tested
-, the given subunit not involved in modulation ofmemory type tested
A: subtype selective agonist; Ant: subtype selective antagonist; IA: subtype selective inverse agonist
n.d. not determined.
Results from: (1) Belzung et al. (2000); (2) Savic et al. (2005a); (3) Savic et al. (2005b); (4) Street et al. (2004); (5) Rudolph et al.
(1999); (6) Collinson et al. (2002
benzodiazepines were mainly attributed to
containing GABAA receptor subtypes, anxiolytic
action to the (z2-containing receptors, anti-
convulsant activity (partially but not fully) to the
(Zl-containing receptors, and muscle-relaxant effect
largely to the ct2-containing receptors (Rudolph et
al., 1999; McKernan et al., 2000; Low et al., 2000).
However, in attempts at elucidating the functional
relevance of structurally diverse GABAA receptor
subtypes, the pharmacologic approach, using sub-
type selective ligands, complements the genetic
studies and is necessary to corroborate and amplify
insights provided by genetic studies (Millan,
003).
TYPES OF MEMORY AND EFFECTS OF
BENZODIAZEPINES: SUBTYPE SPECIFICITY?
Memory can be classified according to its
duration (short-term and long-term memory) and
according to content (explicit and implicit ones).
The distinction between explicit (declarative)
memory and implicit (non-declarative) memory
depends on whether a memory is accompanied by
conscious recollection. Whether any non-human
species displays explicit memory, defined as an
ability to report the memory, is highly disputable
(Izquierdo et al., 1999; Morris, 2001; Squire,
2004). Nevertheless, animals can recall the ’what,294 M.M. SAVIC ET AL.
where and when’ of discrete events and display
this in an overt behavior (Clayton et al., 2001).
Explicit memory is often assumed to be the
only aspect o.f memory that is vulnerable to
amnesia. Studies of neuropsychological patients
have shown that individuals who suffer from
amnesia have impairment on explicit memory tasks
but no performance deficit on measures of implicit
memory (Warrington & Weiskrantz; 1974) because
many implicit memory tasks do not require associ-
ative processing. Nevertheless, whenever a task
requires the associative processing of information,
regardless ofwhether that information is explicit or
implicit in nature, memory could be impaired (Park
et al., 2004). Accordingly, we will concentrate on
the published experiments that have aimed to
discern subtype specificity of amnesic effects of
benzodiazepines (Table 2), especially in the
context of a distinction between the explicit and
implicit--mainly procedural--memories. Such
distinctions could be exemplified through two
types of avoidance conditioning--the active and
the passive.
The passive avoidance paradigm might be
viewed as measuring explicit memory, to the point
that terms such as ’declarative’ or ’explicit’ can be
applied to experiments using rodents (Izquierdo et
al., 1999). The task is learned very rapidly, and
memory can be easily and reliably assessed
(McGaugh & Izquierdo, 2000). The anterograde
amnesic effects of agonists at the benzodiazepine
site in this paradigm are well established
(Izquierdo et al., 1990; Salgueiro et al., 1997;
Anglade et al, 1999). For the retention of this task,
the preserved biochemical events in the
hippocampus, one of the key brain areas involved
in learning and memory, are necessary (Izquierdo
& Medina, 1997). The possibility has been
suggested that because of their low binding affinity
for 5-containing receptors in the hippocampus,
tx-selective agonists may produce less memory
impairment than do non-selective agonists
(Morselli, 1990). Studies with pharmacologically
untreated 5-knock-in (Crestani et al., 2002) and
txs-knock-out (Collinson et al., 2002) mice pointed
to the importance of the txs-subunit for performing
certain memory tasks (trace fear conditioning and
Morris water maze, respectively). In a recent
passive avoidance study, we found that both, the
non-selective agonist midazolam and the
preferential tl-SUbunit selective agonist zolpidem
induce amnesia in rats in a dose-dependent manner
(Savic et al., 2005a). Similarly, zolpidem disrupts
the acquisition of conditioned fear (Sanger et al.,
1986) and passive avoidance (Tang et al., 1995;
Edgar et al., 1997) in mice. Moreover, the results
of the passive avoidance test and the lick suppres-
sion paradigm in ct-knock-in mice demonstrated
that the anterograde amnesic effect of benzo-
diazepines could be attributed to tXl-containing
GABAA receptor subtypes (Rudolph et al., 1999).
The involvement of the tx-subunit in the amnesic
effects ofbenzodiazepines in the passive avoidance
paradigm could be, at least in part, related to the
immunocytochemical findings: abundant staining
in the rat hippocamp’us for the -
and tx2-, in
addition to the t5-subunit (Pirker et al, 2000).
Belzung et al. (2000) found that 13-CCt failed
to antagonize the amnesic effects of chlordiaz-
epoxide in the passive avoidance task and the
radial arm maze in mice. The complete reversal of
amnesia by the non-selective antagonist flumazenil,
or by the preferential l-SUbunit selective
antagonist 13-CCt, was unattainable in the passive
avoidance study in rats as well. Yet, the effects of
zolpidem were significantly attenuated by both
antagonists, whereas only flumazenil was effective
when combined with midazolam (Savic et al.,
2005a). The results of these studies indicate that
other t-subunit(s), in addition to the Ctl-SUbunit,
contribute to the amnesic actions of non-selective
benzodiazepine site agonists in an explicit memory
task. First in line is the t-subunit, located in the
hippocampus (M6hler et al., 2004).
Furthermore, it was of interest to test mnesic
effects of the tx-selective agonists in a task that isMEMORY EFFECTS OF BENZODIAZEPINES 295
not (predominantly) hippocampal-dependent. The
improved performance of animals with hippo-
campal lesions in two-way active avoidance (Gray
& McNaughton, 1983) suggested that this task
should not be hippocampal-dependent. In accor-
dance with such an interpretation, the ts-knock-out
mice, compared with wild-type animals, performed
significantly better in a water maze (hippocampal-
dependent) model but not in an active avoidance
test (Collinson et al., 2002). In a recent study, we
found that both the non-selective agonist midazo-
lam and the preferential ot-subunit selective agonist
zolpidem induced amnesia in rats in a dose-
dependent manner (Savic et al., 2005b). The results
of those studies can be seen to demonstrate the
amnesic activity of an -selective agonist in a
procedural (Squire, 1992), hippocampal-indepen-
dent (Gray & McNaughton, 1983; Collinson et al.,
2002) memory task. As in the passive avoidance
test, the amnesic effects were attenuated but not
fully reversed by flumazenil and 13-CCt (Savic et
al., 2005b). Similarly, Celik et al. (1999) found
that flumazenil (10 mg/kg) reverses the impairment
of acquisition rate in the 5-day active avoidance
paradigm only in rats injected daily with the lowest
(0.5 mg/kg) but not with higher (1.0 mg/kg and 2.0
mg/kg) doses of diazepam (Celik et al., 1999). In
our study, rats treated with the anxiolytic dose of
midazolam (2.0 mg/kg) significantly deteriorated
in retention performance relative to the first day
session; the group co-injected with 13-CCt,
although still successful in the training session (an
anti-anxiety activity), performed in the retention
session on the control level, i.e. the amnesic effect
was lacking (Savic et al., 2005b). The results
suggest that the -subunit is substantially
involved in procedural memory processing.
In conclusion, the results of experiments using
the preferential ct-subunit selective antagonist
CCt suggest that the inhibitory effects of benzo-
diazepine site agonists on the formation of explicit
memory (passive avoidance test) involve other
subunits in addition to the oc subtype (Savic et al.,
2005a). Hippocampal GABAA circuits expressing
the cts-subunit may be substantially involved in
processing of this form of memory task (M6hler et
al., 2004). On the other hand, these effects on the
procedural memory may predominantly depend on
the cry-containing GABAA receptors (Savic et al.,
2005b). The pervading involvement of the tx-
subunit in memory modulation is not unexpected
because this subunit is the major subtype, present
in 60% of all GABAA receptors (M6hler et al.,
2002). On the other hand, the role of txs-subunits,
mainly expressed in the hippocampus, in modu-
lating distinct forms of memory, gives promise of
coping with some memory deficit states through
the selective inverse agonism in this receptor
subpopulation (Street et al., 2004).
REFERENCES
Abel T, Lattal KM. 2001. Molecular mechanisms of
memory acquisition, consolidation and retrieval.
Curr Opin Neurobiol 11:180-187.
Anglade F, Chapouthier G, Galey D. 1999. Intraseptal
injection of scopolamine increases the effect of
systemic diazepam on passive avoidance learning
and emotionality in rats. Life Sci 64: 1553-1561.
Barbee JG. 1993. Memory, benzodiazepines, and
anxiety: integration of theoretical and clinical
perspectives. J C lin Psychiatry 54 Suppl: 86-97.
Barnard EA, Skolnick P, Olsen RW, M6hler H, Sieghart
W, Biggio G, et al. 1998. International Union of
Pharmacology. XV. Subtypes of gamma-amino-
butyric acidA receptors: classification on the basis
of subunit structure and receptor function.
Pharmacol Rev 50:291-313.
Belzung C, Le Guisquet AM, Griebel G. 2000. Beta-
CCT, a selective BZ-omegal receptor antagonist,
blocks the anti-anxiety but not the amnesic action
of chlordiazepoxide in mice. Behav Pharmacol 11"
125-131.
Block RI, Berchou R. 1984. Alprazolam and lorazepam
effects on memory acquisition and retrieval pro-
cesses. Pharmacol Biochem Behav 20: 233-241.
Brandt AL, Oakes FD. 1965. Preanesthesia medication:
double-blind study of a new drug, diazepam.
Anesth Analg 44: 125-129.296 M.M. SAVIC ET AL.
Brown J, Lewis V, Brown M, Horn G, Bowes JB. 1982.
A comparison between transient amnesias induced
by two drugs (diazepam or lorazepam) and amnesia
of organic origin. Neuropsychologia 20: 55-70.
Buffett-Jerrott SE, Stewart SH. 2002. Cognitive and
sedative effects of benzodiazepine use. Curr Pharm
Des 8: 45-58.
Cahill L, McGaugh JL. 1998. Mechanisms of emotional
arousal and lasting declarative memory. Trends
Neurosci 21 294-299.
Cahill L, McGaugh JL, Weinberger NM. 2001. The
neurobiology of learning and memory: some remin-
ders to remember. Trends Neurosci 24: 578-581.
Celik T, Deniz G, Uzbay IT, Palaoglu O, Ayhan IH.
1999. The effects of flumazenil on two way active
avoidance and locomotor activity in diazepam-
treated rats. Eur Neuropsychopharmacol 9: 45-50.
Chapouthier G, Venault P. 2002. GABA-A receptor
complex and memory processes. Curr Top Med
Chem 2:841-851.
Chebib M, Johnston GA. 2000. GABA-activated ligand
gated ion channels: medicinal chemistry and
molecular biology. J Med Chem 43: 1427-1447.
Clayton NS, Griffiths DP, Emery NJ, Dickinson A.
2001. Elements of episodic-like memory in animals.
Philos Trans R Soc Lond B Biol Sci 356:1483-1491.
Cole SO. 1986. Effects of benzodiazepines on acquisi-
tion and performance: a critical assessment. Neurosci
Biobehav Rev 10: 265-272.
Cole SO, Michaleski A. 1984. Chlordiazepoxide impairs
the performance of a learned discrimination. Behav
Neural Biol 41: 223-230.
Collinson N, Kuenzi FM, Jarolimek W, Maubach KA,
Cothliff R, Sur C, et al. 2002. Enhanced learning
and memory and altered GABAergic synaptic
transmission in mice lacking the alpha 5 subunit of
the GABAA receptor. J Neurosci 22" 5572-5580.
Crestani F, Keist R, Fritschy JM, Benke D, Vogt K, Prut
L, et al. 2002. Trace fear conditioning involves
hippocampal alpha5 GABA(A) receptors. Proc Natl
Acad Sci USA 99: 8980-8985.
Curran HV. 1991. Benzodiazepines, memory and mood:
a review. Psychopharmacology 105: 1-8.
Danek A, Uttner I, Straube A. 2002. Is transient global
amnesia related to endogenous benzodiazepines? J
Neurol 249: 628.
Duka T, Curran HV, Rusted JM, Weingartner HJ. 1996.
Perspectives on cognitive psychopharmacology
research. Behav Pharmacol 7: 401-410.
Edgar DM, Seidel WF, Gee KW, Lan NC, Field G, Xia
H, et al. 1997. CCD-3693" an orally bioavailable
analog of the endogenous neuroactive steroid, preg-
nanolone, demonstrates potent sedative hypnotic
actions in the rat. J Pharmacol Exp Ther 282: 420-
429.
Eysenck MW. 1985. Anxiety and cognitive-task per-
formance. Pers Indiv Dif 6: 579-586.
File SE, Fluck E, Joyce EM. 1999. Conditions under
which lorazepam can facilitate retrieval. J Clin
Psychopharmacol 19: 349-353.
Fillmore MT, Kelly TH, Rush CR, Hays L. 2001.
Retrograde facilitation of memory by triazolam:
effects on automatic processes. Psychopharmacology
158: 314-321.
Ghoneim MM, Mewaldt SP. 1975. Effects of diazepam
and scopolamine on storage, retrieval and
organizational processes in memory. Psychophar-
macologia 44: 257-262.
Goulle JP, Anger JP. 2004. Drug-facilitated robbery or
sexual assault: problems associated with amnesia.
Ther Drug Monit 26:206-210.
Gray JA, McNaughton N. 1983. Comparison between
the behavioral effects of septal and hippocampal
lesions" A review. Neuurosci Biobehav Rev 7:119-
188.
Haslett WH, Dundee JW. 1968. Studies of drugs given
before anaesthesia. XIV. Two benzodiazepine de-
rivatives---chlordiazepoxide and diazepam. Br J
Anaesth 40: 250-258.
Hinrichs JV, Ghoneim MM, Mewaldt SP. 1984.
Diazepam and memory: retrograde facilitation
produced by interference reduction. Psychopharma-
cology 84: 158-162.
Izquierdo I, Medina JH. 1997. Memory formation: the
sequence of biochemical events in the hippocampus
and its connection to activity in other brain
structures. Neurobiol Learn Mem 68:285-316.
Izquierdo I, Pereira ME, Medina JH. 1990. Benzodiaz-
epine receptor ligand influences on acquisition:
suggestion of an endogenous modulatory mechanism
mediated by benzodiazepine receptors. Behav
Neural Biol 54: 27-41.
Izquierdo I, Medina JH, Vianna MR, Izquierdo LA,
Barros DM. 1999. Separate mechanisms for short-
and long-term memory. Behav Brain Res 103:1-11.
Jensen RA, Martinez JL Jr, Vasquez BJ, McGaugh JL.
1979. Benzodiazepines alter acquisition and reten-
tion of an inhibitory avoidance response in mice.
Psychopharmacology 64: 125-126.
Jensen LH, Stephens DN, Sarter M, Petersen EN. 1987.MEMORY EFFECTS OF BENZODIAZEPINES 297
Bidirectional effects of beta-carbolines and
benzodiazepines on cognitive processes. Brain Res
Bull 19: 359-364.
Lader MH. 1999. Limitations on the use of benzodiaz-
epines in anxiety and insomnia: are they justified?
Eur Neuropsychopharmacol 9 Suppl 6: $399-405.
Kain ZN, Hofstadter MB, Mayes LC, Krivutza DM,
Alexander G, Wang SM, et al. 2000. Midazolam:
effects on amnesia and anxiety in children. Anes-
thesiology 93: 676-684.
Kopp C, Rudolph U, Keist R, Tobler I. 2003.
Diazepam-induced changes on sleep and the EEG
spectrum in mice: role of the alpha3-GABA(A)
receptor subtype. Eur J Neurosci 17: 2226-2230.
Kopp C, Rudolph U, Low K, Tobler I. 2004.
Modulation of rhythmic brain activity by diazepam:
GABA(A) receptor subtype and state specificity.
Proc Natl Acad Sci USA 101" 3674-3679.
Korpi ER, Grunder G, Luddens H. 2002. Drug inter-
actions at GABA(A) receptors. Prog Neurobiol 67:
113-159.
Krazem A, Borde N, Beracochea D. 2001. Effects of
diazepam and beta-CCM on working memory in
mice: relationships with emotional reactivity.
Pharmacol Biochem Behav 68" 235-244.
Lister RG. 1985. The amnesic action of benzodiazepines
in man. Neurosci Biobehav Rev 9: 87-94.
Low K, Crestani F, Keist R, Benke D, Brunig I, Benson
JA, et al. 2000. Molecular and neuronal substrate
for the selective attenuation of anxiety. Science
290:131-134.
McGaugh JL, Izquierdo I. 2000. The contribution of
pharmacology to research on the mechanisms of
memory formation. Trends Pharmacol Sci 21" 208-
210.
McKernan RM, Rosahl TW, Reynolds DS, Sur C,
Wafford KA, Atack JR, et al. 2000. Sedative but
not anxiolytic properties of benzodiazepines are
mediated by the GABA(A) receptor alphal
subtype. Nat Neurosci 3: 587-592.
McNamara RK, Skelton RW. 1991. Diazepam impairs
acquisition but not performance in the Morris water
maze. Pharmacol Biochem Behav 38: 651-658.
Millan MJ. 2003. The neurobiology and control of
anxious states. Prog Neurobiol 70: 83-244.
Mhler H, Fritschy JM, Rudolph U. 2002. A new
benzodiazepine pharmacology. J Pharmacol Exp
Ther 300: 2-8.
M6hler H, Fritschy JM, Crestani F, Hensch T, Rudolph
U. 2004. Specific GABA(A) circuits in brain
development and therapy. Biochem Pharmacol 68:
1685-1690.
Morris RG. 2001. Episodic-like memory in animals:
psychological criteria, neural mechanisms and the
value of episodic-like tasks to investigate animal
models of neurodegenerative disease. Philos Trans
R Soc Lond B Biol Sci 356: 1453-1465.
Morselli PL. 1990. On the therapeutic action of alpidem
in anxiety disorders: an overview of European data.
Pharmacopsychiatry 23: 129-134.
Myhrer T. 2003. Neurotransmitter systems involved in
learning and memory in the rat: a meta-analysis
based on studies of four behavioral tasks. Brain Res
Brain Res Rev 41" 268-287.
Obradovic D, Savic M, Andjelkovic D, Ugresic N,
Bokonjic D. 2004. The influence of midazolam on
active avoidance retrieval and acquisition rate in
rats. Pharmacol Biochem Behav 77: 77-83.
Park H, Quinlan J, Thornton E, Reder LM. 2004. The
effect of midazolam on visual search: Implications
for understanding amnesia. Proc Natl Acad Sci
USA 101: 17879-17883.
Pirker S, Schwarzer C, Wieselthaler A, Sieghart W,
Sperk G. 2000. GABA(A) receptors: immunocyto-
chemical distribution of 13 subunits in the adult rat
brain. Neuroscience 101" 815-850.
Rodrigo G, Lusiardo M. 1988. Effects on memory
following a single oral dose of diazepam. Psycho-
pharmacology 95: 263-267.
Rudolph U, Crestani F, Benke D, Brunig I, Benson JA,
Fritschy JM, et al. 1999. Benzodiazepine actions
mediated by specific gamma-aminobutyric acid(A)
receptor subtypes. Nature 401: 796-800.
Rudolph U, Mhler H. 2004. Analysis of GABAa
receptor function and dissection of the pharma-
cology of benzodiazepines and general anesthetics
through mouse genetics. Annu Rev Pharmacol
Toxicol 44:475-498.
Salgueiro JB, Ardenghi P, Dias M, Ferreira MB,
Izquierdo I, Medina JH. 1997. Anxiolytic natural
and synthetic flavonoid ligands of the central ben-
zodiazepine receptor have no effect on memory tasks
in rats. Pharmacol Biochem Behav 58:887-891.
Sanger DJ, Joly D, Zivkovic B. 1986. Effects of
zolpidem, a new imidazopyridine hypnotic, on the
acquisition of conditioned fear in mice. Comparison
with triazglam and CL 218,872. Psychopharmacology
90:207-210.
Sanger D, Willner P, Bergman J. 2003.Applications of
behavioral pharmacology in drug discovery. Behav298 M.M. SAVIC ET AL.
Pharmacol 14: 363-367.
Sarter M. 2004. Animal cognition: defining the issues.
Neurosci Biobehav Rev 28: 645-650.
Savic M, Obradovic D, Ugresic N, Bokonjic D. 2003.
The influence of diazepam on atropine reversal of
behavioral impairment in dichlorvos-treated rats.
Pharmacol Toxicol 93" 21 1-218.
Savic MM, Obradovic DI, Ugresic ND, Cook JM, Yin
W, Bokonjic DR. 2005a. Bidirectional effects of
benzodiazepine binding site ligands in the passive
avoidance task: differential antagonism by fluma-
zenil and 13-CCt. Behav Brain Res 158: 293-300.
Savic MM, Obradovic DI, Ugresic ND, Cook JM, Sarma
PVVS, Bokonjic DR. 2005b. Bidirectional effects of
benzodiazepine binding site ligands on active avoid-
ance acquisition and retention: differential antagonism
by flumazenil and 13-CCt. Psychopharmacology 180:
455-465.
Squire LR. 1992. Memory and the hippocampusma
synthesis from findings with rats, monkeys and
humans. Psycholog Rev 99:195-231.
Squire LR. 2004. Memory systems of the. brain: a brief
history and current perspective. Neurobiol Learn
Mem 82:171-177.
Sramek JJ, Zarotsky V, Cutler NR. 2002. Generalised
anxiety disorder: treatment options. Drugs 62"
1635-1648.
Street LJ, Sternfeld F, Jelley RA, Reeve AJ, Carling
RW, Moore KW, et al. 2004. Synthesis and bio-
logical evaluation of 3-heterocyclyl-7,8,9,10-tetra-
hydro-(7,10-ethano)- 1,2,4-triazolo 3,4-a]phthalazines
and analogues as subtype-selective inverse agonists
for the GABA(A)alpha5 benzodiazepine binding
site. J Med Chem 47: 3642-3657.
Tang AH, Smith MW, Carter DB, Im WB,
VonVoigtlander PF. 1995. U-90042, a sedative/
hypnotic compound that interacts differentially with
the GABAA receptor subtypes. J Pharmacol Exp
Ther 275: 761-767.
Tobler I, Kopp C, Deboer T, Rudolph U. 2001.
Diazepam-induced changes in sleep: role of the
alpha GABA(A) receptor subtype. Proc Natl
Acad Sci USA 98" 6464-6469.
van Rijnsoever C, Tauber M, Choulli MK, Keist R,
Rudolph U, M6hler H, et al. 2004. Requirement of
alpha5-GABAA receptors for the development of
tolerance to the sedative action of diazepam in
mice. J Neurosci 24’ 6785-6790.
Venault P, Chapouthier G, de Carvalho LP, Simiand J,
Morre M, Dodd RH, et al. 1986. Benzodiazepine
impairs and beta-carboline enhances performance in
learning and memory tasks. Nature 321" 864-866.
Venault P, Chapouthier G, Sim iand J, Dodd RH, Rossier
J. 1987. Enhancement of performance by methyl
beta-carboline-3-carboxylate, in learning and memory
tasks. Brain Res Bull 19: 365-370.
Warrington EK, Weiskrantz L. 1974. The effect of prior
learning on subsequent retention in amnesic
patients. Neuropsychologia 12:419-428.
Weingartner H. 1985. Models of memory dysfunctions.
Ann NY Acad Sci 444: 359-369.
Yerkes RM, Dodson, JD. 1908. The relation of strength
of stimulus to rapidity of habit-formation. J Comp
Neurol Psychol 18: 459-482.